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Since  1956,  Georgia  Tech  has  published  information  In  technical  reports 
and  bulletins  that  it  has  gefierated  from  its  scientific  work  on  slip-cast 
fused  silica*  Also,  other  inrestigstors  hsTe  recently  published  work  on  slip- 
east  fhsed  silica*  Therefore,  it  was  thought  that  a  collection  of  this  inform¬ 
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ABSTRACT 


This  world>ook  proTldas  a  collection  of  technical  data  and  infomation  on 
the  8lii>-ca8t  fused  siHea  uoric  of  the  Qeorgia  Institute  of  Technology.  It  is 
int<»nded  to  provide  scientists  and  engineers  with  therso-physical^  nechanical, 
electrical^  and  nuclear  properties  of  sllp-'Cast  fused  silica.  Fabrication 
techniques  and  engineering  data  related  to  Uie  use  of  this  aaterial  for  theraal 
protection  systeas  and  cadoaes  are  presented.  A  coaprehensive  bibliognq)hy  is 
also  included. 
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I .  Fused  Silica 


Fused  silica  is  usually  produced  by  melting  quartz,  but  may  be  obtained 
by  melting  any  of  the  crystalline  forms  of  silica.  Fused  silica  is  the  least 
dense  form  of  silica,  as  can  be  seen  from  Figure  1.  The  coomon  crystalline 
forms  of  silica  have  hig^  and  low  temperature  forms.  Ihe  crystalline 
structure  changes  from  one  form  to  the  other  at  a  definite  temperature, 
resulting  in  a  sudden  change  in  voltune  \J .  Ihis  change  is  known  as  an 
inversion  and  causes  the  material  to  be  very  sensitive  to  thermal  shock  in 
the  temperature  range  of  the  inversion.  From  Figure  1  it  can  be  seen  that 
vitreous  (fused)  silica  has  no  inversion,  and  also  essentially  no  thermal 
expansion.  The  coefficient  of  thermal  expansion  of  fused  silica  is  0.54  x 
10  C  or  0.3  X  10  F.  This  unusually  low  coefficient  of  thermal 
expansion  is  responsible  for  its  excellent  thermal  shock  resistance. 

The  specific  heat  of  fused  silica  is  shown  as  a  function  of  temper¬ 
ature  in  Figure  2.  Also  shown  in  Figure  2  are  the  specific  heat  of  copper, 
air,  and  graphite  as  a  function  of  temperature. 

Sosman  has  presented  data  vdiich  indicate  that  the  modulus  of  elasticity 
of  fused  silica  increases  with  temperature  up  to  about  1200*  F  where  it  is 
approximately  30  per  cent  above  the  room  temperature  value.  Above  this 
temperature  the  modulus  of  elasticity  decreases.  At  1500*  F  it  is  approx¬ 
imately  15  per  cent  below  the  room  temperature  value. 

A  summary  of  elastic  constants  for  vitreous  (fused)  silica  are  given 
by  Sosman  as  follows: 

Modulus  of  Compression  5*3  x  10^  psi 

Rigidity  4.4  x  10^  psi 

Kanuaoript  released  bgr  the  authors  June  1964  for  publication  as  an  STD  Teebnieal 
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Young' B  Modulus 
Poisson's  Ratio 
Modulus  of  Penetration 


10.0  X  10^  psi 
0.14 

10.0  X  10^  psi 


II.  Slip-Casting  Fused  Silica 
/ .  The  PI ip 

A  fused  silica  slip  may  be  prepared  by  vet  grinding  fused  silica  2/ 
to  the  particle  size  range  shown  in  Figure  3-  Properties  of  the  slip  are 
shown  in  Ihble  I. 


TABLE  I 

PROPERTIES  OF  FUSED  SILICA  SLIP 


Wei^t  Per  Cent  Solids 
Apparent  Viscosity 
pH 


82.6 
131  cp 
5.2 


B.  Slip-Casting 

Slip-casting  is  carried  out  in  plaster  molds.  The  cast  wall  thick 
ness  as  a  function  of  casting  time  ^  is  shown  in  Figure  4.  The  effect  of 
applied  pressure  to  the  slip  during  casting  ^  is  shown  in  Figure  5* 

C .  Firing 

The  usual  firing  temperature  for  slip-cast  fused  silica  is  between 
2100"  and  2300"  F.  An  attractive  characteristic  of  slip-cast  fused  silica 
is  its  ability  to  be  rapid-fired  to  these  temperatures  and  subsequently 
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Figure  4.  Cast  Wall  Thickness  vs.  Casting  Time  for  Fused  Silica  Slip 
(Ref  3,  page  4?). 
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air  quenched  with  no  cracking  due  to  thermal  shock.  Fused  Silica  transforms 
to  cristobalite  in  this  temperature  range  \rtiich  makes  it  necessary  to  control 
firing  time  very  carefully.  A  small  percentage  of  cristobalite  is  required 
to  obtain  maximum  strength.  However,  since  cristobalite  has  an  undesirable 
thermal  inversion  as  shown  in  Section  I  and  Figure  1  excessive  amounts  must 
be  avoided  to  prevent  an  appreciable  decrease  in  thermal  shock  capability. 
Cristobalite  content  of  fired  slip-cast  fused  silica  is  shown  as  a  function 
of  firing  time  for  firing  temperatures  om’  2100®,  2200®,  and  2300®  F  ^  in 
Figure  6.  For  thin  wall  (<  l/2-inch)  slip-cast  fused  silica  articles,  a 
firing  schedule  of  3-1/3  hours  at  2200®  F  has  been  found  optimum  using  an 
electric  kiln.  The  rate  of  devitrification  increeses  with  increasing 
moisture  content  in  the  furnace  atmosphere.  Tlierefore,  when  firing  in  an 
unmuffled  gas  fired  kiln  the  firing  time  and/or  temperature  must  be  reduced 
to  compensate  for  the  increased  devitrification  rate. 

•Bie  relationship  between  firing  conditions  and  electrical  thermal  and 
mechanical  properties  is  discussed  in  the  following  sections. 

D .  Shrinkage 

The  combined  drying  and  firing  linear  shrinkage  of  slip-cast 
fused  silica  is  between  1  to  2  per  cent.  This  shrinkage  is  unique  among 
ceramic  materials  and  allows  for  a  much  greater  degree  of  control  over  final 
dimensions  than  is  possible  with  conventional  slip-cast  ceramic  materials 
which  exhibit  shrinkage  between  15  to  20  per  cent.  This  difference  in 
shrinkage  is  illustrated  in  Figure  7  which  shows  two  ash  trays  cast  in  the 
same  plaster  mold  j/.  The  high  shrinkage  of  the  conventional  ceramic  body 
is  evident  when  compared  with  the  ash  tray  on  the  right  slip- cast  from  fused 
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2000°F 


Figure  7.  Slip-Cast  Fused  Silica  Ash  Tray  Coaopared  With 
from  Cone  01  Whiteware  Body  to  Illustrate  Low 
Oast  Fused  Silica  (Ref  3f  57)* 


Figiire  8.  Shell  and  Tube  Heat  Exchanger  Slip-Cast  from  Fused  Silica 
(Ref  4,  page  53)- 
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Silica  (Ref  8,  page  35)* 
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Midwest  Research  Institute  (MRl)  has  also  determined  the  thermal  conduc¬ 
tivity  of  slip-cast  fused  silica  7/»  apparatus  used  by  MRI  is  shown  in 

Figure  12.  Figure  13  presents  the  thermal  conductivity  data  obtained  from 
MRI.  Ihe  increased  thermal  conductivity  above  2000°  F  is  due  to  the  long 
time  heating  employed  by  MRI  in  obtaining  their  data.  Ilie  specimen  was 
above  2000°  for  6  days,  and  above  2400°  F  for  about  *4-8  hours.  During  this 
time  the  fused  silica  was  almost  completely  transformed  into  cristobalite  as 
determined  by  x-ray  analysis.  Also,  the  cooling  cuirve  shows  that  the  material 
being  cooled  is  not  the  same  as  that  being  heated.  For  short  time  use,  even 
at  temperatures  above  2500“  F  it  would  be  expected  that  the  thermal  conductivity 
of  slip-cast  fused  silica  would  follow  the  dashed  line  shown  in  Figure  13* 

B.  Bulk  Density  and  Porosity 

The  effect  of  firing  time  and  temperature  on  the  bulk  density  of 
slip-cast  fused  silica  ^  is  shown  in  Figure  lU.  Per  cent  porosity  is  shown 
plotted  as  a  function  of  firing  time  6/  in  Figure  15* 

C.  Coefficient  of  Thermal  Expansion  and  Specific  Heat 

Ihe  coefficient  of  thermal  expansion  and  specific  heat  of  fused 
silica  are  determined  by  the  basic  material  and  are  not  affected  by  the  method 
of  fabrication.  Tlie  values  for  these  properties  were  given  in  Section  I. 

D.  Young's  Modulus  of  Elasticity 

Ilie  value  of  Young's  Modulus  of  Elasticity  for  slip-cast  fused 

silica  has  been  determined  at  Georgia  Tech.  The  room  temperature  value  is 

5 

approximately  3*8  x  10''  psi.  Similar  values  were  reported  by  Raytheon  for 
slip-cast  fused  silica  specimens  supplied  by  Georgia  Tech. 
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Figure  16.  Modulus  of  Rupture  as  a  Iluctlon  of  Firing  Conditions 
(Ref  2,  page  25). 
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Figure  l8.  Tine  to  Beach  Maxlam  Strength  in  Slip-Cast  Fused  Silica  During 
Obe  Atoosphere  Air  Firing  vs.  Reciprocal  of  Absolute  Sintering 
Toflperature  (Ref  9,  page  10). 
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Figure  19.  Tensile  Strength  of  Sllp-Ciast  Fused  Silica  vs.  Firing  Tine  at 
2200*  F  for  Various  Testing  Tenperaturee  (Ref  10,  in  Kress). 


C .  CompresBlve  Strength 


!nie  room  temperature  compressive  strength  of  slip-cast  fused  silica 
is  shown  as  a  function  of  firing  tiote  for  several  firing  temperatures  ^  in 
Figure  20.  It  should  be  noted  that  the  firing  time  required  to  give  maximum 
compressive  strength  is  longer  for  temperatures  above  2166*  F  than  that 
required  to  give  maximum  modulus  of  rupture.  Belov  2166*  F  the  firing  time 
that  gives  maximum  compressive  strength  also  gives  maximum  modulus  of  rupture. 

V.  Electrical  Properties  of  Slip-Cast  Fused  Silica 

A.  Dielectric  Constant  and  Loss  Tangent 

!Rie  dielectric  constant  and  loss  tangent  have  been  determined  at 
10^^  cps  for  slip-cast  fused  silica  from  room  temperature  to  2500*  F.  These 
data  are  presented  in  Thble  II. 


lABLE  II 

EFFECT  OP  TBffERATURE  ON  DIELECTRIC  CONSTANT  AND  LOSS  TANC5ENT 

OP  SLIP-CAST  FUSED  SILICA<» 


j£.g- 

1500*F 

2000"F 

2500*F 

Dielectric  Constant 

3.17 

3.18 

3.28 

3.14-2 

Per  Cent  Change  from 

Room  Temperature  Value 

- 

0.315 

3.15 

7.9 

Loss  Thngent 

0.0002 

0  0006 

0.007 

0.012 

# 

Private  Correspondence  with  Mr. 
December  19^  • 

Ed  Abrams, 

NOL,  White 

Oak  S.  S., 

Maryland, 

It  Bhould  be  remembered  that  these  values  are  for  a  uniformly  heated 
test  sectiOTi  under  conditions  approaching  equilibrixim .  Under  actual  high 
temperature  fli^t  or  other  environmental  conditions  the  low  thermal 
conductivity  of  slip-cast  fused  silica  should  allow  a  considerable  time  to 
pass  before  the  material  reaches  equilibrium.  IRierefore,  these  values  mli^t 
be  ccmsldered  applicable  for  short  periods  of  time  in  temperature  environments 
abo\'e  2500*  F. 

B.  Volume  Resistivity 

Ihe  volume  resistivity  of  slip-cast  fused  silica  was  determined 
at  Georgia  Tech  1^.  Resistance  was  measured  across  a  l/4-inch  thick  specimen 
at  1000  volts.  The  results  of  these  tests  are  shown  in  Figure  21.  The  low 
value  of  resistance  at  room  temperature  was  probably  due  to  the  presence  of 
moisture  in  the  pores.  As  the  temperature  was  increased,  and  the  moisture 
was  expelled,  the  resistance  increased.  Also  shown  in  Figure  19  are  the 
resistance  vs.  temperature  data  for  clear  fused  quartz  reported  by  Prankel. 

C .  Dielectric  Strength 

The  dielectric  strength  of  fused  silica  glass  is  of  the  order 
of  ITjOOO  volts/mil.  The  dielectric  strength  of  slip-cast  fused  silica  has 
not  been  determined.  However,  its  dielectric  strength  should  be  less  than 
17,000  volts/mil  since  it  contains  14-15  per  cent  connected  pores  and  would 
be  affected  considerably  by  the  composition  and  pressure  of  gases  in  the 
pores. 

The  dielectric  strength  of  fused  silica  glass  is  presented  as  a 
function  of  temperature  12/  in  Figure  22. 
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RESISTIVITY,  OHM  CM 


Figure  21. 


Resistivity  of  Clear  Fused  Silica  and  Sll^Cdst  Fused  Silica  as  a 
Function  of  Tengwrature  (Ref  11,  page  19l)< 
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VI.  Nuclear  Properties 


The  effect  of  nuclear  radiation  on  the  strength  of  slip-cast  fused  silica 

was  determined  at  Georgia  Tech  13/ »  The  radiation  \«s  carried  out  at  Westing- 

house  Test  Reactor  (WTR).  Figure  23  presents  the  Modulus  of  Rupture  as  a 

function  of  radiation  dose  for  slip-cast  fused  silica.  The  overall  average  of 

the  transverse  strengths  of  the  irradiated  "bars  was  5700  psi  as  compared  with 

6050  psi  for  the  unirradiated  bars.  This  difference  implies  that  the 

20 

irradiation  of  the  order  of  2  x  10  nvt  has  little  influence  on  the  strength 
of  slip  Jast  fused  silica,  probably  causing  no  change  greater  than  10  per 
cent.  Bars  used  in  this  investigation  were  0.3T5“inch  diameter,  and  were 
broken  over  a  1-inch  span. 

The  effect  of  nuclear  radiation  on  cristobalite  in  slip-cast  fused 
silica  was  also  determined.  Slip-cast  fused  silica  test  bars  fired  at 
2200“  F  for  3-I/3  hours,  and  overfired  at  2300“  F  for  over  2k  hours  to 
develop  large  amounts  of  cristobalite  were  irradiated  in  the  WTR.  The 
cristobalite  in  the  overfired  bars  was  completely  transformed  to  an 
amorphous  state  except  for  five  samples  irradiated  in  the  lower  flux 
positions  in  the  reactor.  The  cristobalite  content  of  these  five  samples 
is  listed  in  Table  III.  Cristobalite  in  the  3-1/3  hour  fired  bars  was 
completely  transformed  to  sn  amorphous  state. 

Other  nuclear  properties  of  fused  silica  are  shown  in  Thble  IV. 
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TRANSVERSE  STRENGTH  (psi  k  10*>) 


TABLE  III 


CRISTOBALITi:  C(»«TENT  OF  SLIP-CAST  FUSED  SILICA  SAMPLES 

AFTER  IRRADIATION 

Sample  No. 

Dose 

Cristobalite 

Content 

Before  Irradiation 

After 

Irradiation 

(nvt) 

{i>) 

62 

2.9  X  10^° 

88 

5 

67 

2.2  x  10^^ 

51 

5 

69 

2.2  X  10^° 

Ul 

3 

71 

2.1  X  10^° 

ko 

8 

72 

2.1  X  10^^ 

21 

3 

Note:  All  slip-cast  fused  silica  samples  subjected  to  an  irradiation  dose 
in  excess  of  approximately  3  ^  10^^  nvt  did  not  exhibit  any 
cristobalite . 


TABLE  IV 

NUCLEAR  PROPERTIES  OF  FUSED  SILICA 


Ihermal  Neutron  Absorption  Cross  Section 
Macroscopic  Absorption  Cross  Section 
Scattering 


0.161  Barns 

0.0035  cm“^ 

10.1  Barns 


VII.  Slip-Cast  Fused  Silica  for  Thermal  Protection  Systems  and  Radomes 

The  previously  discussed  properties  of  slip-cast  fused  silica  suggested 
its  use  for  applications  where  excellent  thermal  shock  resistance,  low 
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density,  low  thenml  conductivity  and  ease  of  fabrication  were  required. 
Combining  these  properties  with  the  low  dielectric  constant  and  loss  tangent 
which  are  unusually  stable  with  temperature  suggested  an  excellent  radome 
material  Tor  hypersonic  and  reentry  applications.  The  unique  combination 
of  properties  of  sllp^cast  fused  silica  offered  to  provide  a  radome  which 
would  also  serve  as  a  thermal  protection  system. 

A.  Fabrication 

Prior  to  the  consideration  of  slip-cast  fused  silica  as  a  radcmie 
material  it  was  first  considered  for  nose  cone  applications.  The  three  shapes 
shown  in  Figure  2k  were  satisfactorily  slip-cast  from  fused  silica  7/.  For 
this  particular  application  a  SA-Inch  wall  thickness  was  cast. 

As  interest  developed  in  the  use  of  slip-cast  fused  silica  for  radomes 
the  shapes  shown  in  Figure  25  were  slip-cast  These  shapes  provided  no 
difficulty  in  slip-casting.  However,  when  conventional  slip-casting 
procedures  were  used  it  was  found  that  the  wall  thickness  varied  over  the 
length  of  the  radome  to  an  vmacceptable  degree-  Bie  wall  thickness  at  the 
base  of  a  radome  13-inches  tall  with  a  nominal  wall  thickness  of  0.3T5 
would  be  approximately  0.000- inches  thinner  than  the  wall  near  the  tip. 

The  conventional  slip-casting  technique  provide  for  the  mold  to  be 
filled  with  the  radome  tip  down,  and  remain  in  that  position  for  the 
duration  of  the  casting  time.  Haturally,  there  is  a  tendency  for  the 
suspended  particles  of  silica  to  settle  with  time,  producing  a  thicker 
casting  near  the  tip.  By  reducing  the  casting  time  the  difference  in 
thickness  between  the  base  and  the  tip  could  be  reduced.  As  pointed  out 
in  Section  II,  the  cast  wall  thickness  at  any  ^iven  time  can  be  increased 
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Figure  251).  Radomes  Which  Have  Been  Slip-Cast  from  Fused  Silica. 
(Ref  5,  page 
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Figure  25C.  Bado«B  Which  feve  Been  Slip-Onet  from  Funed  Silica 
(Ref  5f  page  9-11) • 
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by  applying  a  pressure  to  the  slip.  GSiis  vas  accomplished  by  using  the  set¬ 
up  shovn  in  Figure  26.  By  using  this  technique  and  an  applied  pressure 
of  20  psi  it  was  possible  to  reduce  the  wall  thickness  variation  to  0.040- 
inches  in  a  0.3T5-inch  thick  wall. 

A  "tip-up"  pressure  casting  technique  was  developed  to  further  improve 
the  uniformity  of  the  wall  thickness  3^.  Figure  27  shows  the  set-up  used 
to  cast  a  31“inch  tall  radome.  In  this  process  the  mold  is  filled  with  the 
tip  pointed  up  rather  than  down.  As  the  slip  is  pumped  into  the  bottom  of 
the  mold,  the  air  above  the  slip  is  forced  through  the  pores  in  the  plaster. 

A  13-inch  tall  radome  slip-cast  in  this  manner  exhibited  a  wall  thickness 
variation  no  greater  than  +  .001- inch  from  the  base  to  the  tip. 

B.  Surface  Sealing 

Several  methods  of  sealing  the  surface  of  slip-cast  fused  silica 
have  been  considered.  Only  wo  methods  appear  practical  at  this  time.  These 
are;  surface  melting,  and  Teflon  coating. 

1.  Surface  Melting.  By  using  an  arc-plasma  jet  or  oxygen- 
acetylene  torch  it  is  possible  to  flame  seal  the  surface  of  slip-cast  fused 
silica  5/*  This  process  is  referred  to  as  flame  glazing.  A  sketch  of  the 
apparatus  which  has  been  used  to  satisfactorily  flame  glaze  slip-cast  fused 
silica  radomes  is  shown  in  Figure  28.  After  glazing,  the  fused  surface  is 
annealed  by  holding  at  2150"  F  for  15  minutes,  followed  by  cooling  at  4*  F 
per  minute  to  1900"  F,  and  then  removed  from  ■'■he  glazing  furnace. 

The  effect  of  surface  melting  on  the  IPD  (insertion  Phase  Difference) 
for  slip-cast  fused  silica  has  been  determined  15/,  and  is  shown  in  Figure  29. 
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Figure  26.  Preasure  Casting  Set-Up  for  Slip-Casting  Fused  Silica  Radome 
(Ref  l4,  page  38)* 
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Figxire  27  •  Photograph  of  Set-Up  for  Tip-Up  Pressure  Casting  of  Radome 
(Ref  l4,  page  93). 


2.  Iteflon  Coating.  A  Teflon  coating  is  being  considered  for  use 
as  a  simpler  and  more  economical  method  of  sealing.  DuPont's  TFE  Resin,  Clear 
Finish  852-201,  is  sprayed  on  to  the  surface  of  the  radome  to  a  thickness  of 
approximately  0.001-inch.  After  drying,  it  is  heated  to  750*  F.  At  this 
temperature  the  Teflon  melts  producing  a  continuous  coating.  Teflon  is  a 
non-charring,  low- temperature  ablator,  with  a  dielectric  constant  of  3* 
Therefore,  it  is  expected  that  no  radome  electrical  performance  difficulties 
will  arise  since  the  thin  coating  would  be  completely  ablated  away  almost 
immediately  in  any  hyperthermal  environment. 

C.  High  Temperature  Environment  Simulation 

1.  Laboratory  Testing.  At  Georgia  Tech  two  high  temperature 
heat  sources  have  been  used  to  study  slip-cast  fused  silica  under  severe 
thermal  shock  conditions.  These  are  an  oxy-hydrogen  rocket  motor  and  an 
oxy-acetylene  torch  facility. 

a.  Oxy-Hydrogen  Rocket  Motor.  A  typical  set-up  for 
evaluating  materials  in  the  exhaust  of  the  oxy-hydrogen  rocket  motor  is 
shown  in  Figure  30*  The  impingement  angle  of  the  exhaust  on  the  sample 
can  be  varied  from  U5*  to  90* •  Ihe  sample  surface-to-motor  distance  can 
be  varied  from  6  to  20-inche8.  The  operational  parameters  for  this  motor 
are  shown  in  Table  V.  Calculated  stagnation  enthalpy  and  stagnation 
temperature  are  shown  as  a  function  of  distance  from  the  exit  plane  17/ 
of  the  motor  in  Figure  31*  Ihe  calorimeter  shown  in  Figure  32  was  used 
to  determine  the  cold  calorimeter  heat  flux  provided  by  the  exhaust  of 
this  motor  8/.  Cold  wall  calorimeter  heat  flux  is  shown  as  a  function  of 
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THERMOCOUPLE  WIRE 


Figure  30.  Set-Up  for  Evalxjating  Ceramic  Materials  in  Exhaust  of 
Oxy-Hydrogen  Rocket  Motor  (Ref  I6,  page  I56). 


- CALCULATED  STAGNATION  TEMPERATURE 

-  MEASURED  STAGNATION  TEMPERATURE 

- CALCUUTED  STAGNATION  ENTHALPY 
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DISTANCE  FROM  EXIT  PLANE  (INCHES) 


llgure  31.  StagDAtion  Ttispermture  and  Stagnation  Enthalpy  In  Rocket  Motor 
Exhaust  as  a  Function  of  Distance  fron  the  Exit  Plane 
(Hef  17,  page  20). 


distance  frcn  the  exit  plane  for  an  exhaust  incidence  angle  of  90*  and 
in  Figure  33* 


!DIEL1  V 

OFERATIORAL  DUIA  FOR  OXY(af>HYDROGai  ROCKET  MOTOR 


Motor 

Fuel  mixture  ratio, 

Hydrogen  flow  rate,  S.C.F.N.  36 


Oxygen  flov  rate,  S.C.F.M.  9 

Chamber  pressure,  psia  27^ 

Exhaust  gas  at  exit  plane 

Pressure,  psia  1^.1 

Velocity,  ft/sec  7966 

Temperature,  *R  3214 

Stagnation  temperature,  *R  ^00 

Mach  No.  2.^ 


A  series  of  flat  plates  of  fused  silica,  2-inch  x  7'inch,  of  various 
thicknesses  were  slip-cast  for  evaluation  in  the  exhaust  of  the  oxy-hydrogen 
rocket  motor.  The  samples  were  fired  betveen  tvo  blocks  of  f caused  silica  in 
an  electric  kiln  at  2200*  F  for  2  hours.  Bach  sample  vas  placed  6-lnches  to 
the  rear  of  the  exhaust  nozzle  and  inclined  at  4^*  to  the  direction  of  flov. 

The  backside  was  insulated  with  kaolin  vool  and  a  spring-loaded  iron-constantan 
thermocouple  was  placed  against  the  silica  surface  opposite  the  point  of  flame 


HEAT  FLUX  {BTU  •  FT"^  *  SEC" 


Figure  33.  Heat  Hux  of  Exhaust  of  Qxy-^ydrogen  Rocket  Motor 
(Ref  8,  page  55). 
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Impingement.  A  scheamtlc  of  the  sample  positioning,  thermocouple  location, 
etc..  Is  shovn  In  Figure  30.  Temperature  mas  autoontlcally  recorded  on  a 
strip  chart  recorder.  The  backside  temperature  Increase  versus  sample 
thickness  for  various  time  Intervals  Is  shovn  In  Figure  3^. 

A  second  series  of  test  plates  vere  cast  with  various  thicknesses  to 
determine  the  approximation  to  one  dimensional  heat  flow  In  a  sample  of  lov 
conductivity  exposed  to  the  high  velocity  gases  of  the  rocket  motor.  One 
test  plate  of  each  set  had  a  circular  guard  ring  on  the  backside  opposite 
the  point  of  flame  Impingement.  The  dimensions  of  this  guard  ring  vere 
l/2-inch  I.D.  x  3A-inch  O.D.  The  guard  ring  vas  cut  vlth  a  core  drill  to 
a  depth  of  approximately  tvo-thlrds  of  the  thickness  of  the  piece.  Each  of 
these  samples  vas  exposed  to  the  exhaust  gases  exactly  as  before.  The  results 
of  six  of  these  runs  are  shovn  In  Figure  3^*  Several  other  runs  vere  made 
as  a  check  on  these  results.  The  teiiqperature>tlme  curves  vere  practically 
Identical  vlth  the  first  runs. 

An  effort  vas  made  to  determine  \diether  the  temperature-time  data 
frosi  the  flat  plate  sample  evaluation  could  be  used  to  estimate  the  thermal 
diffuslvlty  and  thermal  conductivity  of  the  sample  material.  Since  the 
surface  of  the  sample  became  molten  very  quickly,  did  not  ablate  severely, 
and  the  backside  vas  veil  Insulated,  an  Ideal  model  could  be  described  vhlch 
vould  approximate  the  test  conditions  and  allov  a  relatively  simple  mathe¬ 
matical  analysis. 

If  the  model  selected  Is  an  infinite  flat  plate  of  finite  thickness 
vlth  Its  surfaces  suddenly  heated  to  and  held  at  a  constant  temperature, 
an  expression  for  the  temperature  at  the  center  of  the  plate  Is 
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Flgiire  33.  Backside  Teaqperature  Change  for  Grooved  amd  Utagrooved  Flat  Plate 
Saaiples  of  Slip-Cast  Fused  Silica  Eiqposed  to  Oxy-Bydrogen  Rocket 
Motor  (Ref  l8,  page  24). 


T  =  T  + 
8 


T,)  (. 


at 


vhere: 

Tg  a  surface  temperature 

a  initial  temperature 

a  a  thermal  diffusivity  (p  ^  ) 

P 

t  a  time 

2L  a  thickness  of  plate 
K  a  thermal  conductivity 
Cp  a  heat  capacity 
p  a  density 


Using  a  graphic  solution  and  data  from  Figure  34  for  the  l/2-inch  grooved 
sample  with 


T  =  3100*  F 
s 

a  80"  F 
L  a  1/24  ft 
T  a  1/90  hr 

C  a  0.18  Btu  •  lb  •  ’F'^ 
p  m 

p  a  115  lb  .  ft"^ 
m 

gives 


a 


0.113 

0.0176  ft^  •  hr 


Ihus 

K  a  opC 

P 


5i 


K  -  (0.0176)(115)(0.18) 

K  -  0.37  (Btu  ft)/(ft^  hr  'F).  * 

Using  the  same  method  and  data  from  Figure  3^  for  the  7/l6-lnch  grooved 
sample  with 

••  -  njyVizT  ” 

t  -  35/3600  hr 

gives 

^  -  0.131 

L 

a  -  0.0179  ft^/hr. 

Thus 

K  B  QfC 

P 

K  »  (0.0179)  (115)  (0.18) 

K  -  0.37  (Btu  ft)/(ft^r  ‘F) 

These  values  are  in  excellent  agreement  with  the  values  determined  in 
the  steady  state  thensal  conductivity  apparatus.  It  appears  that  a  thin 
sasqple  of  lov  conductivity  \dilch  will  not  ablate  rapidly  can  be  easily  and 
quickly  evaluated  in  the  micro-motor  exhaust  to  yield  thermal  dlffuslvity 
data  ^ich  are  surprisingly  accurate.  These  data  vere  used  to  generate  the 
temperature  profiles  and  backside  temperature  for  a  l/2-inch  thick  slab 
of  slip-cast  fused  silica  8/  as  shovn  in  Figure  36. 

To  coBipare  the  thermal  response  of  slip-cast  fused  silica,  Pyroceram 
9606  and  ^2^3^  l/U-lnch  thick  plates  of  all  three  materials  vere  exposed 
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TME  (SECONDS) 


»  «  «  *  « 

0  I/I  U  3/1  1/3 

DISTANCE  (INCHES) 


Figure  36.  Tngper»tur«' Profiles  and  Bacltside  Vnperature  for  l/2-Zneh  Thlc)i 
Plate  of  811p-(3uit  fused  SlUoa  (Rtf  8,  page  37)  • 


to  the  exhaust  of  the  oxy-hydrogen  rocket  aotor  st  s  distance  of  l4-lnehes 
froa  the  exit  plane  8/.  This  distance  vas  selected  since  it  wss  the  closest 
distance  at  vhich  Fyroceraa  9606  and  Al^O^  sould  survive  the  theraal  shock. 
The  frontside  teaperature,  backside  teaperature  and  temperature  difference 
between  these  two  surfaces  for  all  three  aaterials  are  shown  in  Figures  37, 

38,  and  39. 


b.  Oxy-Acetylene  Tbrch*Facility.  Ihe  oxy-acetylene  torch 
facility  shown  in  Figure  was  constructed  to  theraally  evaluate  large  numbers 
of  samples  l4/.  The  water  calorimeter  heat  flux  provided  by  this  facility  at 
three  different  gas  flow  rates  is  shown  as  a  function  of  distance  froa  the 
torch  1^/  in  Figure  4l. 

The  saaq;>le  configuration  was  a  3A-inch  diameter  bar,  2-1/2- inches  long. 

The  distance  froa  the  exposed  end  of  the  test  bar  to  the  torch  tip  was  3-inches. 

2 

Cold  wall  heat-flux  at  this  point  was  approximately  1^  Btu/ft  -sec  using 
oxygan  flow  of  90  CFH  at  2^  pslg  and  acetylene  flow  of  60  CFH  at  1^  pslg. 

The  optical  surface  teaperature,  change  in  weight  and  change  in  length 
for  slip-oast  fused  silica  are  shown  as  a  function  of  time  exposed  to 
the  oxy-acetylene  torch  facility  in  Figure  42. 

2.  Arc  Plasma  Testing.  Slip-cast  fused  silica  has  been  evaluated 
in  the  IAS  High  Temperature  Arc  Facility  19/ »  Test  conditions  are  shown  in 
Thble  VI.  The  performance  of  slip-cast  fused  silica  under  these  conditions 


is  shown  Ih  Tkble  VII. 
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■perature  NaasuraMnts  on  a  l/l»-Ineh  Thick  ^rrooaraa  Plate 
•Gated  l4-Inche«  frca  the  fiat  Plane  of  the  Oaqr-firdrogen  Rocket 
•tor  (Ref  8,  pa^e  65)* 
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SHp-cn 

^cllity  (Ref  Ik,  page  46).  ^  ^sed  to  Oxy-Acetylene  Test 


OABLE  VI 


TEST  CONDITIONS  EMPLOYED  FOR  MATERIALS  OEST  WORK 


Test  Condition 

Subatmospheric  Arc 

Atmospheric  Arc 

II 

VI 

Arc  Input  Power,  kw 

400 

549 

810 

Air  K.6S  Flow,  Ib/sec 

0.043 

0.132 

0.l40 

Enthalpy,  Btu/lb 

5480 

2570 

1540 

Stagnation  Pressure,  psla 

2.0 

5.25 

15.2 

Temperature,  “R 

9430 

6100 

504o* 

Approximate  Plasma 

Velocity,  ft/sec 

1420 

1260 

800 

Cold  Wall  Heat  Flux  17/32- 
inch  Nose  Radius  g 
Calorimeter  Btu/ft  -sec 

271 

271 

270 

* 

Estimated. 

TABLE  VII 

TEST  DATA  OF  SLIP-CAST  FUSED  SILICA  UNDER  TEST  CONDITIONS 

LISTED  IN  TABLE  III 

ARC 

Exposure 

Condition 

Duration 

of 

Exposure 

Duration 
to  Initiation 
of  Melting 

Weight 

Loss 

Average  Mass 
Ablation  Rate 

Stagnation 

Point 

Ablation 

( sec) 

( sec) 

(gms) 

(gm/sec) 

( inch) 

Subatmos¬ 
pheric  II 

120 

24 

0.1 

0.0008 

None 

Subatmos¬ 
pheric  VI 

120 

46 

0.2 

0.0017 

None 

Atmospheric 

120 

61 

0.1 

0.0008 

None 

•Rie  simulated  altitude  and  flight  velocity  for  test  conditions  II,  VI, 
and  atmospheric  are  shown  in  Figure  ^3*  Also  shown  is  the  Manned  Recovery 
Orbit  trajectory.  Data  points  for  the  satellite  trajectory  as  reported  by 
Adams,  Powers  and  Georgiev  21/  under  which  opaque  fused  silica  should  be 
in  radiation  equilibrium  are  seen  to  be  superimposed  on  the  Manned  Recovery 
Orbit  Curve. 

Rosenbery,  Smith  and  Wurst  22/  also  evaluated  slip-cast  fused  silica  in 
an  arc  facility,  “nie  operational  parameters  for  the  arc  together  with  test 
results  for  fused  silica  aie  shown  in  Table  VIII. 

It  should  be  evident  that  under  conditions  as  severe  as  those  shown 
for  the  Manned  Recovery  Orbit  trajectory,  slip-cast  fused  silica  will  survive 
without  significant  ablation  or  surface  dimension  change.  Referring  to 
Figure  ^3,  slip-cast  fused  silica  should  operate  without  ablation  in  any 
area  above  or  to  the  left  of  the  Manned  Recovery  Orbit  curve .  Ablation 
rates  below  this  curve  would  be  expected  to  be  of  the  order  of  0.001-inch/sec . 

3.  Testing  of  Full  Scale  Nose  Cone.  During  one  phase  of  a  project 
to  evaluate  slip-cast  fused  silica  for  nose  cone  applications  7,/,  a  slip-cast 
fused  silica  nose  cone  25-inches  high,  19-inches  in  diameter  at  the  base  and 
3/4-inches  thick  (See  Figure  44)  was  exposed  to  the  exhaust  of  an  l8,000  pound 
thrust  rocket  motor.  This  nose  cone  was  mounted  at  a  distance  of  30-inches 
from  the  exit  plane  14/  as  shown  in  Figure  45.  The  conditions  provided  by 
this  rocket  motor  were; 

Exit  Velocity  6790  ft/sec 

Exhaust  Gas  Temp.  3920"  F 

Exposure  Time  17 *16  seconds 
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SATELLITE  TRAJECTOt^Y  IN  RADIATION  EQUILIBRIUM- 


soniinv 


t 


Figure  hh.  Fused  Silica  Nose  Cone  Showing  Mounting  Brackets  Cemented  in  Place 
With  Adhesive  Resin  (Ref  T,  page  h"). 
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Facility  (Kef  14,  page  l4). 


IBST  CONDITIOWS  AND  RESULTS  FOR  FUSED  SILICA  SPECIMENS 
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(Continued) 


table  VIII  (Continued) 
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nie  ■lip-c«8t  fused  tilics  nose  cone  survived  this  test  with  only  localized 
■elting  at  the  tip.  Figures  46  and  4?  are  photographs  of  the  nose  cone  after 
exposure  to  the  rocket  exhaust.  The  ablation  late  vas  difficult  to  detensine 
precisely,  but  ranged  betveen  O.OOO3  and  O.CX}17‘'lnch/8ec  aaxiimui.  The  use  of 
this  test  motor  to  evaluate  nose  cone  materials  has  been  described  by  Lucas 
and  Houston  £2/*  ^ 

D.  Improving  the  Refractoriness  of  Slip-Cast  Fused  Silica 

3. .  Abltxtion  Rate .  Various  coloring  oxides  have  been  added  to  the 
slip  in  an  effort  to  raise  the  emlttance  of  the  resulting  slip-cast  material. 
Any  increase  in  emlttance  would  lover  the  surface  temperature  when  exposed  to 
aerodynamic  heating  and  thus  have  the  effect  of  Improving  the  refractoriness 
of  the  material. 

Thus  far  Cr^O^  appears  to  be  singular  in  its  ability  to  improve  the 
performance  of  slip-cast  fused  silica  \dien  exposed  to  the  oxy-acetylene  torch 
facility  ijj/  shown  in  Figure  4o. 

The  optical  temperature,  change  in  length  and  change  in  vel^t  are  shown 

as  a  function  of  time  exposed  to  the  oxy-acetylene  torch  for  slip-cast  fused 

silica  containing  2-1/2  w/o  Cr  0  l4/  in  Figure  48.  The  improvement  provided 

2  o 

by  the  sisall  addition  of  CrgO^  can  be  seen  by  comparing  Figure  48  with 
Figure  42. 

The  physical  make-up  of  the  ablation  testing  sample  holder  was  such  that 
only  one  inch  of  the  2-l/2-inch  long  test  bar  was  recessed  within  the  water- 
cooled  holder.  When  samples  were  fired  for  50  seconds  or  longer  a  shrinking 
or  necked  effect  vas  noted  on  the  samples.  This  was  due  to  flame  wrap-around. 
In  order  to  more  nearly  approximate  one  dimensional  heat  flow,  guard  plates. 
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Figure  h6.  Slip-Cast  Fused  Silica  Nose  Cone  after  Test  (Elevation) 
(Ref  l4,  page  15). 
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Figure  ^7.  Slip-Cast  Fused  Silica  Nose  Cone  after  Test  (Plan) 
(Ref  l4,  page  l6). 

TO 


LENGTH  CHANGE  (INCHES)  OR  WEIGHT  CHANGE  (GRAMS  »  X)-') 


Flgiire  48.  Surface  Temperature,  Weight  (^nge  and  Length  Change  of  Sllp-Cast 
2.5  w/o  Chromium  Oxide  -  97*5  w/c  Fused  Silica  as  a  Function  of 
Time  Exposed  to  Oxy-Acetylene  Test  facility  (Ref  l4,  page  47 )• 
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TEMPERATURE  (*F) 


or  fleiae  shields  were  prepared,  llhese  shields  were  2-lnche8  square  ana  1-1/2- 
inch  thick  and  with  a  3/^*inch  dlaoeter  hold  drilled  in  the  center  face.  The 
blocks  were  osde  up  of  1-inch  thick  fused  silica  foam  block  substrate  and  were 
coated  with  a  2-1/2  w/o  chromium  oxide  powder  -  97*5  w/o  fused  silica  cement 
approximately  l/2-inch  thick.  Figure  49  shows  this  arrangement  l4/. 

Fusion  between  the  bars  and  the  flame  shields  occurred  during  testing 
and  prevented  wel^t  measurements,  therefore  only  length  change  data  v  s  taken 
and  is  presented  In  Figures  50  and  51*  When  fired  for  110  seconds  the  total 
ablation  of  the  SlOg  bar  \dien  protected  was  only  about  5Q  per  cent  of  the 
ablation  occurring  >dien  unprotected.  Bie  protected  Cr^O^  bar  ablated  only 
about  20  per  cent  of  that  ablation  for  the  improtected  Or^O^  sample  vhen 
fired  for  110  seconds  14/ . 

The  effective  emittance  as  a  function  of  true  temperature,  based  on  a 
"gray  body"  assumption,  was  determined  for  slip-cast  fused  silica  and  2-1/2 
w/o  CrgO^  modified  slip-cast  fused  silica  14/ ♦  The  method  consisted  of  heating 
the  end  surface  of  3/4- inch  diameter  bars  of  each  composition  in  the  oxy- 
acetylene  testing  facility.  After  temperature  equilibrium  had  been  reached, 
tenqperature  measurements  were  made  with  a  Minneapolis  Honeywell  &nall  Thrget 
Radioi*tic  radiation  pyrometer  and  a  Pyrometer  Instrument  Co.  optical 
pyrometer.  These  temperatures  were  used  to  calculate  the  effective  emittance 
as  shown  in  Figures  52  and  53*  Appendix  A  14/  describes  the  method  used  to 
calculate  effective  emittance. 

The  fuel  gas  flow  rates  and  the  torch- to- sample  surface  distance  were 
varied  to  obtain  optical  temperatures  of  approximately  2000*,  2400* ,  2000*, 
3200*,  3600*,  and  4000*  F  on  plain  slip-cast  fused  silica.  The  fuel  gas  flow 
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Figiire  49.  Drawing  Illustrating  Flame  Shield-Test  Bar  Arrangement 
(Ref  14,  page  55). 


LENGTH  CHANGE  (INCHES) 


Figure  50.  Surface  Temperature  and  Length  CSiange  of  Sllp-Oist  Fused  Silica 
with  Flame  Shield  as  a  Function  of  Time  Exposed  to  Oxy-Acetylene 
Test  Facility  (Ref  ik,  page  56). 


TEMPERATURE  (®F) 
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EMJTTANCE  (t) 


Figure  52.  Effective  Etaittance  vs.  Corrected  Surface  Tenqperature  for  Slip-Cast 
Fused  Silica  (Bef  l4;  page  TO). 


EMITTANCE  (<) 


i 


Figure  53.  Bffecttye  Belttanoe  ye.  Corrected  Surftice  Ie^>er&ture  for  Slip-Cast 
2.5  w/o  Chro»luB  Oxide  •  9T.5  w/o  Fused  Silica  (»ef  l4,  pages  n-73). 
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rates  and  torch-to-sample  surface  distance  established  were  used  to  evaluate 
samples  of  each  of  the  compositions,  llhese  measurements  were  made  with  the 
oxy-acetylene  torch  at  an  angle  of  25*  with  the  sample  surface  and  with  the 
total  radiation  pyrometer  normal  to  the  sample  surface. 

nie  contribution  of  flame  radiation  to  the  measured  radiation  temper¬ 
atures  was  found  to  be  negligible  by  placing  a  polished  copper  plug  in  the 
sample  holder  and  observing  the  radiation  pyrometer  response  with  the  flame 
burning.  A  discemable  reading  was  not  obtained  with  the  pyrometer. 

The  effect  of  reflected  radiation  from  the  sample  was  not  considered  in 
these  measurements.  It  is  expected  that  this  effect  will  also  be  negligible. 

From  Figure  5^  (Figures  52  and  53  superimposed)  it  can  be  seen  that  the 
addition  of  Cr^O^  to  slip-cast  fused  silica  provides  very  little  improvement 
in  emittance  below  about  3200*  F,  or  the  melting  point  of  silica.  However, 
above  this  temperature  Cr^O^  modified  silica  appears  to  have  a  significantly 
hi^er  emittance  than  the  unmodified  silica. 

E.  Electrical  Evaluation  of  Slip-Cast  Fused  Silica  Radomes 

General  Dynamic s/Pomona  is  the  only  known  group  that  has  carried 
out  bore-sight  error  determinations  on  slip-cast  fused  silica  radomes.  They 
reported  that  very  satisfactory  bore-sight  data  were  obtained  for  an  unmachined 
(as  slip-cast) radome .  These  data  were  reported  to  compare  favorably  with 
bore-si^t  data  obtained  for  other  ceramic  radomes  which  were  machined. 

F.  Attachment  of  Slip-Cast  Fused  Silica  Radomes 

Slip-cast  fused  silica  has  essentially  no  thermal  expansion 
(0.5^  X  10  ^/*  C).  Rigidly  attaching  it  to  almost  any  material  presents 
problems  since  thermal  expansion  mismatch  will  result.  The  severity  of  the 
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CORRECTED  TEMPERATURE  (®F  »  lO"^ 


Figiore  54.  Con^jarison  of  Effective  Bnlttance  vs.  Corrected  Surface 
Ten5)erature  of  Slip-Cast  Fused  Silica  With  and  Without 
Chrcmixm  Oxide. 
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problem  depends  upon  tvo  factors:  (l)  the  difference  in  expansion  and  (2)  the 
temperature  to  idilch  the  attachment  area  vill  be  subjected. 

Since  the  thezmal  conductivity  of  slip-cast  fused  clllca  Is  very  low, 
the  material  Itself  vlU  delay  heating  of  the  attachment  area  during  flight. 
Therefore,  the  use  of  internal  attachment  systoas  vould  be  preferred.  Also, 
since  it  is  not  recommended  that  the  attachment  area  be  heated,  a  lov  temper¬ 
ature  curing  resin  Is  recoaswnded  for  bonding  the  attachment  system  to  the 
radone. 

One  attachment  system  vhlch  has  proven  successful  in  sled  tests  was 
developed  by  General  Dynamics  Pomona  Is  shovn  In  Figure  The  radome  for 
vhldi  this  system  mas  developed  is  13-lnches  tall  and  ^-l/2-lnches  in  base 
diameter. 


G.  Improving  the  Strength  of  Slip-Cast  Fbsed  Silica 

For  large  radomes,  the  strength  of  slip-cast  fused  silica  vould  be 
marginal  at  best.  Since  there  appeared  to  be  no  lammdlately  available  method 
for  Improving  the  inherent  strength  of  the  slip-cast  fused  silica,  methods 
for  reinforcing  the  material  vere  considered.  The  most  prosiislng  method  currently 
in  use  vas  considered  to  be  fiiaamnt  winding.  This  method  is  used  to  reinforce 
and  provide  attachm>nit  systems  for  certain  radcmes.  One  of  the  advantages  of 
such  a  system  lies  in  the  fact  that  the  ceramic  is  prestressed  by  the  tension 
provided  from  the  tensile  stress  imposed  in  the  filament  during  winding.  Such 
a  system  makes  use  of  the  compressive  strength  of  the  ceramic  and  the  tensile 
strength  of  the  filament. 

In  order  to  extend  the  mechanical  perfozmance  of  slip-cast  fused  silica 
it  was  decided  that  fllaamnt  winding  vould  be  considered  as  a  means  of  pre- 
stressing  slip-cast  fused  silica  radoams  24/. 
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CERAMIC 

RADOME 


FIBERGLASS  MOUNTING 
WRAP  HOLE 


ASSEMBLY  CROSS  SECTION 

Configuration  for  Mounting  Slip-Cast  Fus, 


Slip-cast  fused  silica  cylinders  were  fabricated  for  filament  winding  in 
the  preliminary  study  of  prestressing.  These  cylinders  were  10-lnches  in  length 
by  inches  in  outside  diameter.  The  wall  thickness  was  approximately  l/2-lnch. 
These  cylinders  were  fired  at  2200*  F  for  three  and  one-third  hours.  They  were 
then  wrapped  with  Owens-Coming  "Fiberglas”  continuous  yam  No.  BCD  450-4/3* 

A  meteil  lathe  was  used  as  the  rotating  device  and  the  automatic  feed  as  a 
traveling  guide  for  positioning  the  yam  as  it  was  fed  onto  the  cylinder. 

The  wrapping  tension  in  the  yam  was  controlled  by  a  precision  tension 
control  device.  This  device  is  capable  of  maintaining  a  constant  tension 
on  glass  filament  during  the  winding  operation  regardless  of  speed  of  winding. 
Tension  can  be  set  at  any  point  from  0  to  15  pounds. 

Two  cylinders  were  wrapped  with  the  above  yam  at  a  feed  rate  of  0.0129- 
inches  per  revolution.  This  fe:d  rate  gave  a  smooth,  close  wrap  with  no  over¬ 
lapping.  The  yam  was  held  in  place  with  a  conventional  resin.  Bach  cylinder 
was  wrapped  so  that  l/4  of  the  length  of  the  cylinder  received  two  layers  of 
yam;  l/4,  four  layers;  and  l/4,  five  layers.  One  quarter  of  the  cylinder 
was  left  unwrapped.  One  cylinder  was  wrapped  with  a  yam  tension  of  4.5 
pounds  and  the  other  at  9  pounds.  The  yam  was  found  to  break  at  a  load  of 
10-11  pounds. 

After  wrapping,  the  resin  was  cured  for  46  hours  at  130*  F  and  2  hours 
at  200*  F.  Rings  approximately  1-inch  in  thickness  were  cut  from  the  un¬ 
wrapped  portion  of  the  cylinder,  and  from  each  of  the  sections  with  different 
layers  of  yam.  Each  ring  was  then  broken  at  room  temperature  using  diameteral 
conqpresslve  loading.  It  has  been  shown  by  Bortz  and  Lund  2^/  that  compressive 
loading  of  this  type  can  be  used  in  the  measurement  of  tensile  properties. 
Tensile  strength  cem  be  calculated  using  the  fonaula 
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Where 


^app  “  ^  (o.D.-I.D.)t 

^®PP  "  ^PP®^^"^  tensile  strength 
P  m  load  in  pounds 

t  «  thickness  in  inches 

O.D.  a  outside  diameter 
I.D.  a  inside  diameter 
K  »  cooBtaKt  depending  on  the  mtlo 

(in  each  case  K  was  taken  from  a  curve  by  Frocht) 

Ihs  brittle  ring  test  was  designed  for  homogenous  materials  but  was  used  here 
to  obtain  relative  or  apparent  tensile  strength  values. 

Two  specimens  of  each  type  were  broken.  The  apparent  tensile  strength  was 
calcvilated,  for  each  wrapped  ring  at  the  first  sign  of  a  crack  in  the  ceramic, 
and  at  the  point  of  ultimate  failure.  QSie  results  of  these  tests  are  shown 
in  Figure  56, 

H.  Rain  Erosion  Testing  of  Slip-Cast  Fused  3illca 

Under  Naval  Bureau  of  Weapons  Contract  No.  NOv  62-108?  il^35  TOC, 
General  Dynamics/Pomona  supervised  supersonic  sled  tests  to  determine  the 
rain  erosion  resistance  of  slip-cast  fused  silica  at  Naval  Ordnance  Test 
Station  (NOTS),  China  Lake,  California.  Appendix  C  contains  the  text  of 
their  report  on  this  work. 
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TENSILE 


Figure  56*  Apparent  Tensile  strength  of  Fused  silica  cylinders  Wrapped 
vlth  Fiberglas  Yam  Using  Constant  Tension  Device. 
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APPENDIX  A 


EFFECTIVE  EMITTANCE  CALCULATION 
Nomenclature 
€  =  Effective  Elnittance 
Rjj  =  Total  Normal  Radiation 
0  =  Stefan-Boltzmann  Factor 
T^  ss  Brightness  Temperature 
T^  =  Radiation  Temperature 
T^  =  Time  Temperature 

The  effective  emittance  of  a  material  can  he  determined  from  two  temper¬ 
ature  measurements,  total  radiation  temperature  and  optical  temperature.  For 
the  preliminary  data  presented  herein  the  assumption  is  made  that  the  spectral 
emittance  at  65OO  A°  is  equal  to  the  effective  emittance.  IMs  assumption 
simplifies  the  analysis  and  provides  for  rapid  numerical  solutions. 

Consider  a  surface  at  some  true  temperature,  T  with  a  radiation  temper- 
ature,  T^,  and  an  optical  temperature,  T^.  Ihe  measured  radiation  temperature, 
suggests  the  surface  to  he  "hlack"  in  nature  and  having  a  unit  area  radiant 
flux  of, 

Rk  -  t/  (1) 

However,  if  the  surface  is  not  "hlack"  the  radiant  flux  will  he. 
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From  equations  (l)  and  (2), 


or, 


e 


(3) 


L 

The  trie  temperature,  T  ,  is  tabulated  as  a  function  of  optical  temper- 

s 

ature,  T^,  for  49  effective  spectral  emissivities  in  a  National  Bureau  of 
Standards  Monograph.* 

Thus  (3)  can  be  written  as, 


e 


T 

t7^ 


n  4 


(4) 


Solutions  are  obtained  by  "trial  and  error"  and  are  accomplished  by 
assuming  an  effective  emittance,  determining  the  true  temperature,  T^, 
associated  with  this  particular  emittance  and  optical  temperature,  T^,  and 
evaluating  the  expression  until  equality  is  reached  between  the  right  and 
left  hand  portions  of  equation  (4). 


♦Poland,  D.  E.,  Green,  J.  W.,  and  Margrave,  J.  L.,  "Corrected  Optical 
Pyrometer  Readings,"  U.  S.  Department  of  Commerce,  National  Bureau  of 
Standards,  NBS  Monograph  30#  April  21,  I961. 
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AFFEHDIX  B 


THERKAL  SHOCK  CONSIDERATIONS 

It  is  not  alvays  appreciated  that  the  thermal  shock  resistance  of  a 
material  Is  not  only  dependent  upon  the  physical  and  mechanical  properties  of 
the  material  but  also  upon  the  severity  of  the  thermal  shock  environment. 
Further^  the  severity  of  the  environment  is  not  necessarily  associated  with 
tempera txire,  but  rather  with  the  heat  transfer  rate  to  the  material.  This 
relationship  can  be  illustrated  by  considering  air  and  water,  both  at  200*  F. 
It  Is  easy  to  Imagine  that  the  heat  transfer  rate  Is  much  higher  in  the 
water  than  in  the  air.  This  difference  would  be  evidenced  by  one  if  he  put 
his  hand  Into  each  environment. 

It  Is  often  desirable  to  compare  two  or  three  materials  as  to  their 
relative  thennal  shock  resistance.  To  do  this  It  Is  not  uncommon  to  use 
the  expression 


«  sr 


Bck 


(1) 


\diere 

N  m  merit  Index 

K  m  thermal  conductivity 

5  ■  tensile  strength 

E  ■  elastic  modulus 

a  «  coefficient  of  thermal  expansion 

What  Is  overlooked  In  using  this  expression  Is  that  this  relationship  holds 
only  for  low  heat  transfer  rates,  or  a  very  mild  thermal  shock  envlronaent. 


91 


Manson  ^  and  Kingery  g/  have  developed  expressions  \dilch  take  into  account 
the  thermal  shock  environment.  IQiese  expressions  relate  the  maximum  temper¬ 
ature  from  \diich  a  material  can  be  quenched  (to  room  temperature)  to  the 
severity  of  the  quench.  IHie  term  ah  has  been  used  to  denote  this  severity, 
yhere: 


a  m  1/2  the  thickness  of  the  plate 
h  ■  heat  transfer  coefficient 


If  the  term  T  is  the  maximum  temperature  from  vhich  the  material  can  be 
o  max 

quenched,  then 


T  flc 

o  max 


I® 

Eck 


(2) 


but  for  severe  conditions  (high  values  of  ah) 

T  ee  — 

o  max  Eck 

Uiese  expressions  emphasize  the  fact  that  a  material  may  have  satisfactory 
thermal  shock  resistance  under  mild  thermal  shock  conditions  by  possessing  a 
high  thermal  conductivity.  However,  it  wiU.  receive  essentially  no  benefit 
from  this  property  luader  very  severe  conditions.  Manson  determined  the 
maximum  tenq)erature  from  which  AlgO^  and  BeO  could  be  quenched  as  a  function 
of  the  thermal  shock  environment.  The  data  are  shown  in  Figure  1.  According 


^Manson,  S.  S.,  "Behavior  of  Materials  Under  Conditions  of  ‘j.^'ermal  Stress," 
NACA  Report  1170,  Lewis  JPUght  Propulsion  Laboratory,  Cleveland,  Ohio,  3^  pages 
(195^);  "Thermal  Stress  in  Design,"  Part  1,  Machine  Design  30  (l2)  114-120 
June  12,  1958;  "Thermal  Stress  in  Design,"  Part  2,  Machine  Design  30  (13) 
19-103,  June  26,  1958. 

2/Kingery,  W.  D.,  "Factors  Affecting  Thermal  Stress  Resistance  of  Ceramic 
Materials,"  Jour.  Amer.  Ceramic  Soc.  Vol.  38,  No.  1,  3-15  (l955)* 
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Figiire  1.  Relative  Thermal  Shock  Resistance  of  Al^O-  and  BeO  as  Function 
of  Thermal  Shock  Environment  (ah).  ^ 


Also  in  Figure  1  are  experimental  data  shoving  the  maximum  teoqperature  from 
vhich  BeO  and  AlgO^  withstood  quenching  into  room  teoqperature  air  and  water. 
The  air  represented  a  mild  thermal  shock  environment  and  water  a  severe 
environment.  The  predicted  reversal  in  the  order  of  merit  of  these  materials 
was  observed  experimentally. 

The  thermal  shock  resistance  of  radome  materials  is  stressed  here  because 


of  the  loqportance,  from  the  standpoint  of  material  selection,  of  specifying 
the  thermal  environment  In  which  the  material  Is  to  be  used.  So  often  It  has 


been  the  practice  to  give  a  single  niimber,  or  merit  Indes,  to  indicate  the 
thermal  shock  resistance  of  materials  using  formula  (l).  Hovever,  as  pointed 
out  above,  such  a  number  is  of  value  only  under  conditions  of  rather  mild 
thermal  shock;  and,  under  conditions  of  severe  thermal  shock,  such  as  re-entry 
these  numbers  may  not  only  provide  meaningless  data,  but  may  be  seriously 
misleading. 

Ihis  situation  was  observed  idien  a  number  of  candidate  radcxne  materials 


were  evaluated  with  respect  to  their  thermal  shock  resistance.  The  physical, 
machanlcal  and  thermed  properties  of  the  materials  shown  In  Table  I  were  used 
to  calculate  the  maximum  temperature  from  vhich  each  material  could  be  quenched. 
These  data  are  shown  plotted  as  a  functicm  of  the  thermal  shock  environment 
(ah)  In  Figure  2.  It  can  be  seen  that  the  thermal  shock  resistance  order  of 


merit  among  these  materials  is  almost  engirely  dependent  upon  the  severity 
of  the  thermal  shock  environment.  For  example,  BeO  should  bave  the  highest 
thermal  shock  resistance  under  mild  thermal  shock  conditions,  but  will  be 


next  to  the  poorest  under  severe  conditions.  It  is  interesting  to  note  that 


TABLE  I 


Silica  0.4  4o  3.8  0.3  1.9C  3038 

Spinel  6.8  24.1  31. 7  3.6  3860 

Steatite  2.5  15  14.5  4.6  2.65  3430 

Zircon  3.15  22  24  2.7  3.68  2800 

Softens 


INITIAL  PLATE  TEMPERATURE  T.  (  P) 


Figure  2.  Relative  Thermal  Shock  Resistance  of  Candidate  Reentry  Radome 
Materials  as  a  Function  of  Thermal  Shock  Environment  (edi). 


the  maximum  quench  temperature  for  slip-cast  fused  silica  Is  above  Its  melting 
point  for  all  conditions  of  thermal  shock.  Ilherefore,  it  should  not  be 
possible  to  thermal  shock  slip-cast  fused  silica  under  any  conditions. 

The  ah  values  associated  with  re-entry  is  not  known.  However,  Kingery  2/ 
has  reported  that  the  edi  value  provided  by  water  quench  is  of  the  order  of 
10  to  10  .  From  the  high  heat  flux  associated  with  re-entry  it  might  be 
expected  that  this  environment  would  provide  an  ah  value  in  the  same  range  as 
water  quench. 

From  the  data  thus  presented  it  can  be  seen  that  the  very  low  coefficient 
of  thermal  expansion  of  fused  silica  more  than  offsets  its  low  strength  and 
low  thermal  conductivity  in  providing  excellent  thermal  shock  resistance 
under  all  thermal  shock  environments.  This  was  the  primary  factor  in  selecting 
slip-cast  fused  silica  for  a  re-entry  radooe. 
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APPEKDIX  C 

CSeneral  DyDamlcs/PoaoDa 
Tecbnlcal  Memorandum  No.  6-223-^71 
on  Results  of  Testing  Slip-Cast 
Fused  Silica  Radones  Under 
Rain  BnvlioDment 

The  following  Is  an  excerpt  from  a  report  prepared  by  General  Dynamics/ 
Poaiona,  and  only  the  rocket  sled  test  results  of  slip-cast  fused  silica 
are  reprinted  here. 
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tm-6-223-571 

Page  1 


INTRODUCTIOW 


Slip  cast  fused  silica  (SCPS)  is  being  considered  for  missile  radome  appli¬ 
cations.  For  this  reason  rain  erosion  tests  were  conducted  at  the  Naval 
Ordnance  Test  Station  (NOTS),  China  Lake  to  determine  the  capability  of  the 
material  to  withstand  rain  environment  on  a  missile  in  flight  at  Mach  3* 

The  test  conditions  were  (l)  Rain  drop  size  of  2.0  MM,  (2)  Rain  rate  of 
2-in/hr.,  (3)  Max.  sled  velocity  of  3>000  Ft/sec  or  Mach  2.?. 

HISTORY 


General  Dynamics/Pomona  (GD/p)  has  been  actively  engaged  in  the  dsvelopoent 
of  SCFS  as  a  ladome  material  since  September  of  I96I.  During  this  tjme 
interval,  GD/P  has  manufactured  a  large  number  of  SCFS  radooes  of  various 
sizes  and  shapes  from  inch  diameter  base  and  6  inches  long  to  13'^  inch 
diameter  base  and  30  inches  long. 

In  order  to  assure  that  SCFS  radomes  have  all  weatner  flight  cambility, 
rain  erosion  testing  was  funded  under  Contract  No.  NOw  62-108?  #35  TOC. 

PURPOSE 


Rain  erosion  resistance  of  a  material  is  an  acute  problem  in  the  design  of 
an  all  weather  supersonic  missile.  There  are  a  number  of  factors  that 
influence  erosion  damage.  They  are: 

(1)  Type  of  material,  (2)  Surface  finish,  (3)  Shape  of  radome,  (4)  Missile 
velocity,  (5)' Drop  size,  (6)  Rain  rate  and  (?)  Length  of  rain  field. 

The  objectives  of  this  series  of  tests  were  (l)  to  compare  the  rain  erosion 
data  of  SCFS  with  that  of  other  known  radome  materials,  (2)  to  determine 
the  effectiveness  of  a  glazed  surface  as  a  protective  coating  on  SCFS  and 
(3)  to  compare  the  effectiveness  of  a  pointed  nose  vs.  a  rounded  nose  radome. 

TEST  INSTALIATION 


Ihere  are  several  methods  of  testing  radome  materials  for  rain  erosion. 
Among  these  are  (l)  whirling  arms,  (2)  20-ram  ballistics,  (3)  actual  flights 
and  (k)  single  drop. 

The  most  realistic  and  best  controlled  method  however,  is  a  high  speed 
rocket  sled  test. 

The  Supersonic  Naval  Ordnance  Research  Track  (SNORT)  at  NOTS  runs  in  a 
northemly  direction  for  21,500  feet.  The  first  2,000  feet  is  used  for  the 
sled  acceleration  phase;  next  2,500  feet  is  exposed  to  simulated  rain  fall 
\diile  the  remaining  17,000  feet  are  required  to  slow  the  vehicle  to  a  stop. 
Plastic  water  bags  are  taped  on  the  last  1,500  feet  of  the  track  to  pro¬ 
vide  the  necessary  energy  exchange  to  stop  the  sled  completely.  The  curv¬ 
ature  of  the  earth  is  taken  into  consideration  by  raising  the  track  at  one 


rage 


c. 


ond  'ey  several  Inches.  Earth's  rotational  effect  is  negligible  and  there¬ 
fore  omitted. 

Artificial  rain  is  created  by  sprinkler  heads  located  five  feet  above  and 
on  the  \Jest  side  of  the  track.  Sampling  of  the  rain  field  area  showed 
that  the  drop  distribution  was  the  same  over  the  samples  area  and  corres¬ 
ponded  to  that  occurring  in  a  two  inch  per  hour  of  natural  rainfall  (See 
Figure  l).  Since  the  track  area  is  exposed  to  wind,  tests  are  cancelled 
if  there  is  a  crosswind  of  five  knots  or  more.  Sandia  Corporation  has 
concluded  tiiat  the  average  drop  size  in  an  average  rain  storm  is  1.5 
millimeters  with  a  rate  of  fall  of  half  inch  per  hour  (227  drops  per  cubic 
foot),  llie  artificial  rainfall  for  these  tests  was  2.0  millimeters  with  a 
rate  of  2  inches  per  hour. 

sled  mounts  two  radomes  and  consists  of  streamlined  fairings  back  of 
the  radomes.  This  provides  aerodynamic  stability  and  mounts  a  telemetering 
pack  and  stub  antenna.  The  sled  is  powered  by  two  Cajun  Rockets,  each  de¬ 
livering  8,000  pounds  of  thrust.  The  test  specimens  are  mounted  at  a  zero 
angle  of  attack  as  shown  in  Figure  2. 

A  dummy  run  was  made  on  March  5>  19^3  to  obtain  velocity  curves  for  this 
series  of  tests  (see  Figure  3)* 

TEST  SAMPLES 

Of  the  20  radomes  tested  thru  the  rain  field,  l8  were  of  the  Mauler  con¬ 
figuration  (13  inches  long  and  5*5  inch  diameter  base).  The  other  two  were 
fiberglass  hemispheres  of  about  6  inch  diameter  having  a  base  of  5*5  inches. 

The  test  runs  included  rounded  and  pointed  nose  SCFS  radomes  having  (l)  ex¬ 
ternal  surface  as  cast,  (2)  external  tip  region  glazed  and  (3)  external 
surface  glazed.  The  glazed  radomes  were  glazed  at  Georgia  Tech,  by  means 
of  an  Arc  Plasma  Jet. 

PRE-SLED  TEST 


On  January  31>  19^3  a  rain  erosion  sled  built  by  NADC  was  destroyed  during  a 
dummy  dry  run  with  steel  radomes.  The  object  of  the  firing  was  to  (l)  obtain 
a  velocity  curve,  (2)  obtain  vibration  data  in  all  three  planes  and  (3)  test 
telemetry,  arresting  system,  etc.  The  sled  was  held  at  the  breech  for  one 
second  after  ignition  and  then  released.  It  is  surmised  chat  the  arresting 
parachute  deployed  prematurely  at  1,200  feet  due  to  the  high  acceleration 
of  the  sled.  The  opened  parachute  produced  forces  and/or  vibrations  severe 
enough  to  puli  the  rivets  out  of  the  telemetry  cover  at  2,900  feet.  One 
of  the  two  steel  radomes  irfas  found  at  4,000  feet  while  the  other  was  lo¬ 
cated  at  4,500  feet.  Both  had  sheared  off.  Water  bags  stopped  the  sled 
at  20,850  feet.  Peak  velocity  of  sled  was  M  2.3.  The  vibration  ir.  the 
roll  and  yaw  axis  was  8C  to  100  g's.  The  pitch  axis  I’ccorded  over  100  g's. 
Due  to  the  sled  failure  it  was  decided  to  perform  vibration  and  static 
tests  on  three  SCFS  radomes. 
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end  by  several  inches.  Barth's  rotational  effect  is  negligible  and  there¬ 
fore  omitted. 

Artificial  rain  is  created  by  sprinkler  heads  located  five  feet  above  and 
on  the  vest  side  of  the  track.  Sampling  of  the  rain  field  area  shoved 
that  the  drop  distribution  vas  the  same  over  the  samples  area  and  corres¬ 
ponded  to  that  occurring  in  a  two  inch  per  hour  of  natural  rainfall  ^See 
Figure  l).  Since  the  track  area  is  exposed  to  wind,  tests  are  cancelled 
if  there  is  a  crosswind  of  five  knots  or  more.  Sandia  Corporation  has 
concluded  that  the  average  drop  size  in  an  awrage  rain  storm  is  1.5 
millimeters  with  a  rate  of  fall  of  half  inch  per  hour  (227  drops  per  cubic 
foot).  Uie  artificial  rainfall  for  these  tests  was  2.0  millimeters  with  a 
rate  of  2  inches  per  hour. 

The  sled  mounts  two  radomes  and  consists  of  streamlined  fairings  back  of 
the  radomes.  This  provides  aerodynamic  stability  and  mounts  a  telemetering 
pack  and  stub  antenna.  The  sled  is  powered  by  two  Cajun  Rockets,  each  de¬ 
livering  8,000  pounds  of  thrust.  The  test  specimens  are  mounted  at  a  zero 
angle  of  attack  as  shown  in  Figure  2. 

A  dummy  run  was  made  on  March  5)  19^3  to  obtain  velocity  curves  for  this 
series  of  tests  (see  Figure  3) • 

TEST  SAMPLES 

Of  the  20  radomes  tested  thru  the  rain  field,  18  were  of  the  Mauler  con¬ 
figuration  (]3  inches  long  and  5*5  inch  diameter  base).  The  other  two  were 
fiberglass  hemispheres  of  about  6  inch  diameter  having  a  base  of  5*5  inches. 

The  test  runs  included  rounded  and  pointed  nose  SCFS  radomes  having  (l)  ex¬ 
ternal  surface  as  cast,  (2)  external  tip  region  glazed  and  (3)  external 
surface  glazed.  The  glazed  radomes  were  glazed  at  Georgia  Tech,  by  means 
of  an  Arc  Plasma  Jet. 

PRE-SLED  TEST 


On  January  31 »  19^3  a  rain  erosion  sled  built  by  NADC  was  destroyed  during  a 
dummy  dry  run  with  steel  radomes.  The  object  of  the  firing  was  to  (l)  obtain 
a  velocity  curve,  (2)  obtain  vibration  data  in  all  three  planes  and  (3)  test 
telemetry,  arresting  system,  etc.  The  sled  was  held  at  the  breech  for  one 
second  after  ignition  and  then  released.  It  is  surmised  that  the  arresting 
parachute  deployed  prematurely  at  1,200  feet  due  to  the  high  acceleration 
of  the  sled.  The  opened  parachute  produced  forces  and/or  vibrations  severe 
enough  to  pull  the  rivets  out  of  the  telemetry  cover  at  2,900  feet.  One 
of  the  two  steel  radomes  was  found  at  4,000  feet  while  the  other  was  lo¬ 
cated  at  4,500  feet.  Both  had  sheared  off.  Water  bags  stopped  the  sled 
at  20,850  feet.  Peak  velocity  of  sled  was  M  2.3*  The  vibration  in  the 
roll  and  yaw  axis  was  80  to  100  g's.  The  pitch  axis  recorded  over  100  g's. 
Due  to  the  sled  failure  it  was  decided  to  perform  vibration  and  static 
tests  on  three  SCFS  radomes. 
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Figure  1.  Natural  Rainfall  Distribution 
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The  three  xmdoaea  vere  vibreted  In  the  three  atjor  planet  at  6o  g's  froai 
90  -  2,000  cyclea.  There  waa  no  viaual  degradation.  Hext,  the  iteaa  vere 
aubjected  to  a  atatlc  cantilevered  pull  teat.  The  radoae  aaaeabllea  did 
not  fall  until  after  exceeding  220  per  cent,  160  per  cent  and  219  per  cent 
of  oaxiauBi  Mauler  Plight  loada. 

TEST  RESULTS  OF  SCFS 


It  auat  be  noted  that  length  of  eroalon  vaa  meaaujred  along  the  longitudinal 

axla  of  the  radoae  froa  the  original  noae  tip  to  the  eroded  noae  tip. 

Method  of  attaching  radooiea  to  ring  la  shown  in  Figure  k. 

Run  5  -  3/26/63 

(east)  The  teat  apecloen  vaa  a  rounded  noae  (1.12  inch  dlaneter) 
radcae  in  the  "aa  caat"  condition  with  a  0.3^  inch  wall. 

The  thickneaa  through  the  noae  vaa  I.3I  inches  before  run. 
Approxloately  O.UO  inch  of  aaterlal  was  removed  fron  the 
tip  by  the  rain  drops. 

(vest)  This  rounded  nose  vlth  a  0.3^  inch  vail  had  been  "plasma 
glazed".  Thickness  through  nose  vas  I.87  Inches  before  a 
test.  The  tip  eroded  0.^5  inch. 

Run  6  -  3/26/63 

(east)  Hext,  a  pointed  nose  radooe  of  0.3!^  inch  vail  and  "Plasma 
Glazed"  vas  run.  The  item  failed  in  the  rain  field.  Small 
pieces  vere  found  at  a  distance  of  200  feet  (station  2,200) 
in  the  rain  field  with  larger  ones  at  575  feet  (station  2,575)* 

(vest)  a  polnted*'>"as  oast" — .350  inch  vail  radome  with  a  nose 
thickness  of  I.67  inches  was  tested.  Tip  vas  eroded  by 
0.60  inch,  area  aft  of  tip  shoved  signs  of  erosion  for 
U.5  inches. 

The  radoae  vas  returned  to  GD/P  idiere  0  90  inch  of  the  tip 
vas  removed  (0.70  inch  diameter)  and  a  steel  cone  tip  vas 
bonded  in  place. 

Run  8  -  h/ll/63 

(east)  The  reworked  radom  from  Run  §6  with  the  steel  tip  was  re-run. 
The  only  visual  damage  was  a  very  small  Increase  in  erosion 
aft  of  steel  tip. 

(vest)  a  pointed  radoow  that  had  its  forward  end  plasma  glazed  vas 

run.  This  item  vas  0.350  inch  thick  and  had  a  I.67  inch  nose. 
Tl.ere  was  no  sigplf leant  eroalon  on  the  test  piece.  Tip  had 
eroded  0.25  inches  with  a  fev  pits  from  3  to  6  inches  aft. 
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Run  9  -  4/11/63 

(west)  The  pointed  -  part  glazed  radoae  fron  Run  was  retested. 

Erosion  was  increased  by  0.20  inch  for  a  total  of  0.45  inch 
for  the  two  runs. 

scFS  cowcmsiow 

Under  the  test  environment,  and  at  high  incidence  angles,  SCFS  undergoes  an 
erosion  process  as  evidenced  by  pits  and  roughened  areas  of  material  after 
exposure.  Materials  with  higher  hardness  numbers  behave  quite  differently. 
Iheir  failure  is  due  to  inadequate  Impact  resistant  and  could  be  indicated 
as  a  tensile  failure  beginning  on  inner  surface. 

On  the  rounded  radomes,  glazing  did  not  appear  to  provide  a  protective 
coating  (0.45  inch  vs.  0.40  inch)  while  on  the  pointed  radomes  glazing 
seemed  to  be  of  value  (0.25  inch  vs.  O.60  inch). 

Pointed  radomes  faired  better  than  rounded  noses  in  relationship  to  the  vol¬ 
ume  of  material  eroded  (Table  l).  The  removal  of  a  half  inch  of  material 
on  the  rounded  radomes  in  the  nose  area  may  be  a  serious  degradation  to  the 
missile's  electrical  characteristics.  As  a  solution,  it  is  suggested  that 
a  spherical  ceramic  or  steel  cap  be  placed  on  the  nose  \diich  would  eliminate 
rain  erosion  of  the  rounded  nose  but  still  allow  the  radome  to  meet  its 
electrical  criteria. 


TABLE  I 

VOLUME  OP  MATERIAL  ERODED  FROM 
NOSE  AREA  OF  SLIP  CAST  FUSED  SILICA  (SCFS)  RADOMES 


Radome  Surface 

Pointed 

Rounded 

(in3) 

(in3) 

Glazed 

0.01 

0.5 

Unglazed 

0.06 

0.5 

In  summary  it 

may  be  stated  that: 

(1) 

A  pointed  SCFS  radome  will  successfully  pass  rain 

erosion 

(2) 

requirements 

Glazing  is  an  advantage  on  pointed  SCFS  raaomes 

(3) 

Rounded  SCFS  radomes  require  a  protective  cap  of 

ceramic 

or  metal 

(4)  A  SCFS  radome  is  able  to  experience  the  vibration,  acceler¬ 
ation  and  acoustics  of  a  missile  launch  and  flight. 
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GD/P  0.350  inch  vail  of  Tip  eroded  O.6O  inch 
SC^  with  a  pointed  nose  with  area  APT  of  tip 
and  "as  cast".  shoving  some  signs  of 


TABLE  II  (Continued) 
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station  numbers  are  feet  frcxa  the  point  of  ignition  of  the  rocket  sled. 


Figure  5.  Blunt  Glazed  and  Unglazed  SCPS  Domes  Before  Run  #5. 
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Figure  7*  S^Tichroballist.ic  Gamera  Shots  of  Run  ^5* 
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Glazed  Dome  After  Run 
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Figiire  10.  Unglazed  Dome  After  Riin  #5- 
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Figure  11.  Closeup  of  Unglazed  Dome  After 
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Figure  12. 


Pointed  SCIS  Domes  Before  Run  jf6. 
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Figure  l4.  Synchroballistic  Camera  Shots  of  Run 


Figure  15.  Unglazed  Daoe  After  Run  §6. 
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Figure  l6.  Closevqp  of  Uuglazed  Dome  After 
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Figvire  17 .  Riri^  Attacl-unent  Frcan  Pointed  Dome  After 


Figure  l8.  Pointed,  Tip-glazed  and  Steel  Tipped  SCFS  Deanes  Before  Run  jf8. 
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Figiare  I9.  Domes  After  Rur.  #8. 


Figure  20.  Synchroballistic  Camera  Shots  of  Rxin 
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Figure  22.  Closeup  of  Pointed,  Tip-glazed  Dome  After  Rxm 
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Figure  23.  Steel  Tipped  Dome  After  Run 
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Pointed,  Tip-glazed  Dome  and  Corning  Fused  Silica  Dcme  Before 


Figure  25.  Pointed,  Tip-glazed  Dome  and  Coming  Ring  After 
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Figure  27.  Pointed,  Tip-gluzed  Dome  Ai'ter  Run 
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